Recently a class of Type IIA orientifold models was constructed yielding just the fermions of the SM at the intersections of D6-branes wrapping a 6-torus.
Introduction
The brane-world idea has become popular in the last couple of years. In this scheme it is assumed that the standard model (SM) fields and interactions are confined to a (p + 1) dimensional submanifold of a larger D-dimensional (D > (p + 1)) manifold in which gravitational fields propagate. Dp-branes in string theory provide a natural setting in which this scenario arises, since gauge interactions are confined to the worldvolume of branes. However, in the brane-world scenario studies a crucial property of the SM is often ignored, the fact that its spectrum is chiral. Dp-branes on a smooth space have non-chiral extended SUSY on their worldvolume.
In order to obtain explicit D-brane realizations of the SM it is thus necessary to do something to obtain chiral theories on their worldvolume. One of the simplest options to obtain chirality is locating stacks of branes on top of some, e.g., orbifold singularity on transverse space. For example, three generation models may be obtained by locating sets of D3-branes on top of a Z 3 singularity [1, 2] (see also [3, 4, 5, 6, 7, 8] ). Local tadpole cancellation in general requires the immersion of those D3-branes on some D7-branes. These are simple theories with phenomenological interest. However the spectrum in general goes beyond the minimal content of the SM (or the MSSM), since extra doublet fermions appear in the spectrum due to the structure of U(1) anomaly cancellation 1 .
Another option in order to get D = 4 chirality is to consider intersecting D-branes [10, 11] (for somewhat related work see also [12, 13, 14] ). Recently, a class of intersecting D-brane configurations yielding just the fermionic spectrum of the SM was for the first time constructed [15] . They are obtained from four stacks of D6-branes wrapping an orientifolded 6-torus and intersecting at angles [16, 17, 18, 19] (see also [20, 21, 22, 23, 24, 25, 26, 27, 28] for further developments). In the bulk there is N = 4 supersymmetry but the spectrum is chiral at the brane intersections. The models are in general non-supersymmetric but for certain choices of the compact radii one can preserve some N = 1 SUSY at each intersection [22, 26, 27] . One of the nice features of the simplest such constructions is that the existence of three quark-lepton generations is related (via U(1) anomaly cancellation) to the presence of three colours in QCD [15] . Another interesting feature is that one may expect the appearance of some exponential suppression in certain Yukawa couplings, providing a means to understand the hierarchical structure of fermion masses [18] . The SM Higgs mechanism has an interpretation as a brane recombination process in which the branes supporting the SM gauge group are recombined into a single brane related to electromagnetism [18, 27] .
One point which remains to be understood in those brane configurations is the hierarchy between the Planck scale and the weak scale. The models are non-supersymmetric and in order to avoid the standard gauge hierarchy problem of the Higgs scalars a natural option is to assume the string scale M s not much above the electroweak scale,
i.e., M s ∼ 1 − 10 TeV. Then a possibility for understanding the observed smallness of gravitational interactions would be to have some compact dimensions (transverse to the brane) very large, as suggested in [29, 30] . However in the case of these intersecting D6-brane models one can see there is no compact direction transverse to all SM stacks of branes [16] . Thus one has to look for other possible sources of suppression for gravitational interactions like e.g., that in ref. [31] .
A natural alternative is to consider instead of D6-branes lower dimensional ones, intersecting D5-and D4-branes. This would be interesting since, as pointed in ref. [17] , then there are more transverse dimensions to the branes which can be made large, allowing for a low string scale M s << M p . In the present paper we extend the work of ref. [15] to the case of intersecting D5-and D4-branes wrapping cycles on T 2 × T 2 × T 2 /Z N and T 2 × (T 4 /Z N ) respectively 2 . In the case of D5-branes, these are localized on a fixed point of the orbifold T 2 /Z N and wrap 2-cycles on T 2 × T 2 . This class of constructions was already introduced in [17] , but in order to obtain just the spectrum of the SM we will be now considering orientifolds of such constructions.
We will be able to obtain intersecting D5-brane models with the fermionic spectrum and gauge group of the SM. The U(1) anomaly structure is identical to that of the D6-brane models of ref. [15] . There are however many differences between both classes of models. The present class of models have N = 0 SUSY both in the bulk and on the branes and none of the quarks, leptons or gauge bosons have any SUSY partner. Thus the massless spectrum is closer to that of the non-SUSY SM spectrum. The only light particles beyond the SM spectrum will be some extra scalars (often coloured) and a minimal Higgs system analogous to that of the MSSM.
The structure of the paper is as follows. In the next section we describe the construction of intersecting D5-branes wrapping cycles on T 2 × T 2 × C/Z N . We derive the RR-tadpole cancellation conditions for the orientifold case and obtain the lightest spectrum. The cancellation of mixed U(1) anomalies through a generalized Green- 2 Unlike the case of D6-branes, D5-or D4-branes wrapping cycles on T 2 × T 2 × T 2 do not lead to D=4 chiral theories. This is why in order to achieve chirality an additional Z N twist in transverse dimensions is performed in the constructions of the present paper.
Schwarz mechanism is presented in some detail. In Section 3 we present the general strategy to obtain intersecting D5-brane configurations with the spectrum of the SM.
We present a particular example in some detail and leave further examples for Appendix II. Examples of left-right symmetric models are provided as well. We also show how to construct a left-right symmetric model free of open string tachyons for any odd value N of the twist Z N . Some general physical issues like the form of the lightest spectrum beyond the SM and the lowering of the string scale are discussed in Section 4. We leave some general comments and conclusions for Section 5 .
In Appendix I we analyze the case of intersecting D4-branes wrapping one-cycles on T 2 × T 4 /Z N . These configurations turn out to be less flexible for model building purposes. In particular there is no obvious way to obtain just the SM fermion spectrum at the intersections. We nevertheless provide some semi-realistic example based on intersecting D4-branes in that appendix.
Intersecting D5-branes on T 4 × C/Z N orientifolds
Let us describe the general intersecting branes setup that we will be considering. As was explained in [17] , chiral compactifications may naturally arise from considering configurations of D(3 + n)-branes filling four-dimensional Minkowski space, wrapping n-cycles of a 2n-dimensional compact manifold A 2n and sitting at a point in a transverse (6 − 2n)-dimensional manifold B 6−2n . In order to obtain a chiral spectrum from the open string sector, the cycles the branes wrap should have nontrivial intersection numbers, while the point they sit in B 6−2n must be singular. Lowering the string scale in a natural way implies, in turn, having n < 3, so that we can consider a nontrivial transverse space B 6−2n whose global properties (as its volume) do not directly affect our open string sector (where our chiral gauge theory arises), but only the closed string sector.
The special case n = 0, that corresponds to D3-branes on top of a singularity, was already considered in [2] (and more recently in [9] ), yielding semi-realistic gauge theories in D = 4. The cases n = 1, 2, 3 were then considered in [17, 18] in a simple setup where A 2n = T 2n and the branes sit in an orbifold singularity C 3−n /Z N . However, as was explicitly shown in [15] , considering orientifold models may greatly simplify our chiral spectrum, being possible to attain configurations where the matter content just reduces to the SM fermion content. These models were constructed in a particular setup of the case n = 3, where D6-branes wrap 3-cycles of A 2n = T 2 × T 2 × T 2 , as previously considered in [16, 19] .
This fact naturally lead us to consider orientifold models of branes at angles. In particular, we will consider the orientifold version of the compactifications already constructed in [17] , focusing on the cases n = 1, 2 that allow us to obtain low string scale scenarios [29, 30] . Some related constructions of branes at angles have been considered in [24, 25] . Notice, however, that the class of models constructed in the present paper are more general, in the sense that, following the Bottom-Up approach described in [2] , we will only bother about the local physics arising from the singular point in B 6−2n where the D-brane content lies. The specific models presented as explicit examples of such constructions are also new, as well as their associated phenomenology.
Construction
Let us consider some specific D-brane setting where the above scenario can be naturally realized. As previously stated, this will imply considering configurations of D5(D4)-branes wrapping 2(1)-cycles of a 4(2)-dimensional compact manifold A which is in turn embedded in some 6-dimensional manifold M as the 'tip' of an orientifold singularity.
We will consider in what follows the D5-brane case, leaving the discussion of D4-brane constructions for an appendix. Following [17] , we will choose a fairly simple realization of this setup, given by
where R stands for an involution associated with the parity reversal operation Ω.
In our case,
standing for a reflection in the i th coordinate and F L being the left fermion number. More specifically, if we describe our internal coordinates by complex variables Z i = X 2i+2 + iX 2i+3 , then R is given by the geometrical action
Such orientifold singularity will induce, as usual, a non-vanishing Klein-bottle amplitude, signaling the presence of an O5-plane in our configuration. In order to cancel the associated RR tadpoles, we will introduce K stacks of N a D5-branes filling M 4
and wrapping 2-cycles [Π a ] ∈ H 2 (T 4 , Z) (a = 1, . . . , K), while sitting at the origin of C/Z N , N being an odd integer 3 . Furthermore, we will consider a particularly simple 2 ) (dashed line). The fractional wrapping numbers arise from a tilted complex structure:
subclass of configurations where T 4 is a factorizable torus T 2 × T 2 , and the 2-cycles the branes wrap can be decomposed as a product of two 1-cycles [(n
, each wrapping a different T 2 (see figure 1 for an example).
The Z N orbifold twist on the third complex dimension is generated by a geometric action ω, encoded in a twist vector of the form v ω = 1 N (0, 0, −2, 0) for modular invariance requirements and for the variety to be spin. This same Z N action may be embedded in the U(N a ) degrees of freedom arising from the a th stack of D5-branes, through a unitary matrix of the form
3)
, and where we have defined α ≡ exp(2πi/N). This same class of configurations can be analyzed in a T-dual picture, in terms of Type IIB D7-branes with non-trivial wrapping numbers and fluxes in the first two compact complex dimensions, while again localized in the orientifold singularity. Furthermore, when embedding such singularity in a simple toroidal orbifold as T 2 /Z N , any configuration can be easily related to Type I compactified on
with some F and B-fluxes in the first two tori. As discussed in [19] (see also [32] ), ) lattices when defining our T 2 (see figure 1) . In order to describe configurations with non-vanishing b, is convenient to define effective wrapping numbers If a D5 a -brane is described by 5) then the sector ΩRD5 a or D5 a * will be given by
where we consider the effective wrapping numbers defined in (2.4). Both branes a and its mirror partner a * should be included in a consistent configuration.
Let us now analyze the low energy spectrum arising from such generic class of configurations. First let us consider the closed string sector, which can be computed using standard orbifold techniques. Such techniques have been recently used in a sistematic study of non-supersymmetric Type II and Heterotic toroidal orbifolds in [33] . In particular, the closed Type IIB spectrum has been explicitely computed for the toroidal embedding of the N = 3 orbifold singularity, so we refer the reader to the appendix of [33] for further details.
Let us first notice that, since we are only concerned with the physics arising at the orientifold singularity, it is pointless to compute the untwisted sector of the theory, which concerns the whole compactification. However, when embedding this Z N singularity in a compact six-dimensional manifold M, this sector should give rise to four dimensional gravitation plus some other extra massless particles. At this level we will only state that, since the twist v ω is explicitly non-supersymmetric, the spectrum in the bulk will necessarily present N = 0, thus yielding a more economical spectrum that the one obtained by plain dimensional reduction on a torus.
On the contrary, the closed string twisted sector of the theory will play a relevant role with respect to the local physics on the singularity. As expected, Type IIB theory on such singularity will give rise to RR twisted p-forms of even p:
where k = 1, . . . , N − 1 denotes the k th -twisted sector of the theory. A Let us now focus on the open string sector of the theory. Whenever a D5 a -brane is not invariant under the orientifold action ΩR, the massless spectrum arising from the D5 a D5 a sector is identical to the one computed for the orbifold case in [17] , since this sector will be mapped to the D5 a * D5 a * sector, and there will not be any associated Ω projection. This spectrum can be easily described in bosonic language. Indeed, to each open string excitation we can associate a four-dimensional vector r ∈ (Z + ν) 4 , where ν distinguishes between the Ramond (ν = ) and Neveu-Schwarz (ν = 0) sectors of the theory. The GSO projection is imposed by requiring i r i = odd, and the massless states are those that satisfy i (r i ) 2 = 1. Namely, the massless states surviving the GSO projection in both R and NS sectors are
where its behaviour under the Z N orbifold twist has also been indicated. As usual, the open string spectrum is computed by keeping states invariant under the combined geometric plus Chan-Paton (CP) Z N action [35] , so after this projection we are led to a spectrum of the form
where the index i is defined mod N. Notice that this spectrum is explicitly non-chiral and also non-supersymmetric, since all the gauginos have been projected out. Notice, as well, that when considering D5-branes invariant under the ΩR action, SO(N) and USp(N) gauge groups will also arise. Since we are not interested in constructing configurations with these groups, we will not consider this option any longer.
Both the chiral matter and the tachyonic content of our configuration will arise from the sectors D5 a D5 b , D5 a D5 b * and D5 a D5 a * . Let us compute this spectrum explicitly for the D5 a D5 b sector. Just as in the D5 a D5 a case, this sector is not constrained by the ΩR projection, so its associated spectrum is computed in the same way as in an orbifold compactification. In order to properly describe it, we can introduce the twist
ab being the angle that both branes form on the i th torus [17] . The states living in the ab intersection are then characterized by four-dimensional vectors of the form r + v ϑ , where r stands for the set of discrete vectors introduced above. The mass formula is also modified to [11, 17] 10) where Y stands for any transversal separation between both branes, N bos (ϑ) is the bosonic oscillator contribution and E ab is the vacuum energy:
The massless and tachyonic states will now be
where ϑ i ≡ ϑ i ab and we have supposed 0 < ϑ i < 1, i = 1, 2. In any case, one of the NS states will be necessarily tachyonic, unless |ϑ 1 | = |ϑ 2 | and both are massless.
The spectrum can be found again by projecting out non-invariant states. In this case, however, we must also consider the intersection number of both branes
This number is a topological invariant associated to the two 2-cycles the branes wrap. Its absolute value counts the net number of intersection between such cycles, thus telling us how many replicas of (2.12) are present, and its sign indicates the chirality of the fermions living at the intersection [17, 26] . The final spectrum arising from this sector is thus
In the same manner, we can compute the massless and tachyonic spectrum arising from the D5 a D5 b * and D5 a D5 a * sectors, taking account of their respective wrapping numbers and twist vectors. The important point to notice is that fermions arising from D5 a D5 b * will transform as bifundamentals in some (
This simple fact will allow us to achieve a much more economical chiral spectrum, as already noted in [15] . The D5 a D5 a * sector, in turn, will generically have some fixed points under the orientifold action, giving rise to fermions and scalars in symmetric (S) and antisymmetric (A) representations. The complete spectrum is given by
Let us also mention that, in case I aa * = 0, some care should be taken when considering the scalar spectrum arising from the aa * sector. If, for instance, I
i aa * = 0, in order to obtain such spectrum we must 'forget' about this (T 2 ) i and compute it from a system of D4-branes wrapping as (n 
Tadpoles and anomalies
When dealing with a full consistent configuration of D5-branes, RR tadpole cancellation conditions should always be satisfied. These can be easily computed from usual factorization of one-loop amplitudes. As mentioned before, the presence of the ΩR factor will induce non-vanishing Klein bottle and Moebius strip contributions to such amplitudes, so the conditions computed in [17] for D5-branes sitting on an orbifold singularity will be slightly modified to
is a weight for each k th twisted sector usually arising in Z N orientifold compactifications [36] . As can easily be seen, the difference with the orbifold case amounts to consider the presence of mirror branes a * in our configuration and including a constant term in the first equation. This constant term can be interpreted as a negative RR charge induced by the presence of an O5-plane. Indeed, in the more general context of D5 a -branes wrapping general 2-cycles [Π a ] on T 4 these conditions can be expressed as
where [Π O5 ] describes the 2-cycle the O5-plane wraps, and
Notice that the factor of 16β 1 β 2 can be interpreted as the number of O5-planes, which is 4β 1 β 2 , times their relative charge to a D5-brane, which is −4. We thus see that RR conditions can be interpreted, as usual, as the vanishing of the total RR charge in a compact space (in our case T 4 ). In this token, notice that c 2 0 = 0, so we are not imposing any condition in the untwisted sector, whose associated RR form can escape the singularity. This implies that we are not fixing the total number of branes. In this sense, we are being less restrictive than in a simple toroidal orbifold (see, e.g., the related constructions considered in [24] ). When embedding our orientifold singularity in a full compact variety M, however, these RR untwisted conditions should also be taken into account.
The cancellation of these untwisted tadpoles is easy to achieve by adding appropriate D5-branes at locations in the third torus away from the Z N singularity at which the SM branes sit. This is why we will not discuss them explicitly in the rest of the paper.
Although quite general, the expression (2.17) is not very useful for our modelbuilding purposes. We will make use instead of (2.16), which can be also be converted into a more tractable expression. Indeed, notice that the upper set of equations in
where we have again used α = e 2πi/N . Taking 2k ≡ 1 mod N, we can easily read the condition that has to be imposed to the Chan-Paton matrix γ ω,a a n 1 a n
Cancellation of RR tadpoles has, as usual, very important consequences from the point of view of the effective four-dimensional field theory. Indeed, when considering a chiral spectrum as the one considered in (2.15) potential chiral anomalies may arise.
RR tadpole conditions (2.16) insure the cancellation of such anomalies, as we will now see. Let us first consider the cancellation of the cubic non-Abelian anomaly for the gauge group SU(N i a ), which in our configurations reads
where δ(i, j) = δ i+1,j − δ i−1,j (the indexes i, j are again defined mod N) and, in case of factorizable branes (2.5),
a . Just as done in [37, 17] , we can use the discrete Fourier transform
which after some simple manipulations, can be seen to vanish whenever the tadpoles conditions (2.16) are satisfied. As usual, the latter turn out to be more restrictive that the vanishing of (2.22).
We can also consider mixed and cubic U(1) anomalies, both involving a generalized
Green-Schwarz mechanism mediated by RR twisted fields. Indeed, the full expression
the first term in brackets being proportional to the cubic chiral anomaly of SU(N i a ), thus vanishing when imposing tadpoles. The remaining contribution can then be canceled by means of a generalized Green-Schwarz mechanism. Indeed, by use of the discrete Fourier transform, we can rewrite the residual anomaly in (2.23) as
As explained in [17] for the orbifold (non-orientifold) case, this quantity can be canceled by exchange of four-dimensional fields, which arise upon dimensional reduction of the RR twisted forms living on the singularity. For showing this, let us consider the Tdual picture of fractional D7-branes wrapping the first two tori, and with non-trivial F and B-fluxes on them. On the worldvolume of each D7-brane, there will appear some couplings to the twisted RR forms in (2.7), and by integrating such couplings on the compact toroidal dimensions (T 2 ) 1 × (T 2 ) 2 we will obtain four-dimensional couplings that will be relevant to our low-energy theory. Indeed, if we define 25) then these four dimensional coupings can be computed to be
where λ denotes the Chan-Paton wavefunction for the gauge boson state, and the N i a factor arises from normalization of the U(1) a,i generator (see [38] ). Since B are four-dimensional Hodge duals, same for C, D and E, the sum over the GS diagrams will provide a counterterm with the structure (2.24), just as required to cancel the residual mixed anomaly in (2.23). Cancellation of cubic U(1) anomalies works in a similar way.
An important consequence of this anomaly cancellation mechanism is the Abelian gauge structure of the low-energy effective action. It can be shown that, as a result of the couplings (2.26) the gauge bosons of the potentially anomalous U(1) get massive, decoupling from the low energy spectrum of the theory. More generally, any U (1) gauge boson (anomalous or not) with a non-vanishing axionic coupling of the form (2.26) will have an induced mass term of the order of the string scale. The associated gauge symmetry will no longer be present, although such U(1) will remain as an exact perturbative global symmetry.
A similar analysis regarding the construction of intersecting D4-branes configurations wrapping T 2 and sitting in a C 2 /Z N orientifold singularity can also be performed, the general formalism being much alike as the one just presented for the case of D5-branes. These D4-branes constructions are also of interest from the model-building point of view, and some non-orientifold examples were built in [18] (see also related models in [24] ). However, it turns out to be difficult to obtain D4-brane models with just the SM fermion spectrum. That is why we leave the presentation of the D4-brane formalism for an appendix.
The Standard Model at intersecting D5-branes
In the present section we will be interested in finding intersecting D5-branes models whose gauge group and matter content correspond to either the Standard Model (SM)
or some Left-Right symmetric (LR) extension of it [39] . Such low energy spectra must contain the following gauge group and fermionic content:
where i = 1, 2, 3 indexes the three different generations that have to be considered in each model. Following the general philosophy described in [15] , we will be considering a class of configurations where the chiral fermions arise only in bifundamental representations
where n ab , n * ab , m ab , m * ab are model dependent and non-negative integer numbers. In this particular class of models, cubic anomaly cancellation for a non-Abelian gauge group SU(N a ) reduces to having the same number of fundamental representations N a as antifundamental representations N a . Notice also that, from the point of view of Left-Right unification, right-handed neutrinos must exist, as they complete the SU(2) R leptonic doublet that contains the charged right-handed leptons E i R . From the point of view of SM building, though, there is no reason why we should consider having such representations in our fermionic content. However, as was emphasized in [15] , when obtaining the chiral content of our theory just from fields transforming in bifundamental representations, such right-handed neutrinos naturally appear from anomaly cancellation conditions. Since in the present paper we will construct our models from such "bifundamental" fermions, we will include these particles right from the start 4 . In general, it can also be shown that in this case where chiral fields transform in bifundamentals the simplest embedding of the SM (or the LR extension) will consist in a configuration of four stack of branes, as presented in table 1.
Given this brane content is relatively easy to figure out how to realize the specific fermion content of both SM and LR models. Indeed, let us for instance consider strings coming from the ab and ab * sectors. Their (left-handed) massless modes will transform as either (3, 2) is associated to a definite sector.
In order to realize such spectra as the chiral content of a concrete configuration of D5-branes we must impose some topological constraints on our models. Unlike the case of D6-branes, where all the spectrum information is encoded on the intersection numbers, we must now also consider the orbifold structure of our configuration. Such structure can be easily encoded in a quiver diagram 5 , as shown in figure 2.
Label Multiplicity
Gauge Group Name
Right brane Intersection Matter fields 
In general, a D-brane configuration living on an orbifold singularity can be locally described by quotienting the theory by a discrete group Γ, which is acting on both an ambient space C n and on the CP degrees of freedom. To each Γ action we can associate a quiver diagram [35, 40, 6] . Each node of such diagram will represent an irreducible representation (irreps) of Γ, whereas the arrows connecting the nodes represent invariant fields under combined geometric and gauge actions. In general, the Γ action γ g on the Chan-Paton degrees of freedom can be written as a direct sum of such irreps, and the gauge groups that will arise from it will correspond to a product of unitary groups, each one associated to a definite irreps. In our specific setup n = 1 and Γ = Z N , so each irreps of Γ is one-dimensional and can be associated to a N th -root
Intersection Matter fields of unity. Indeed, any Z N generator action on the Chan-Paton degrees of freedom can be written on the form (2.3), where several such phases are involved. Without loss of generality, we will consider that each brane a, b, c, d has a γ ω matrix proportional to the identity, that is γ ω,i = α n 1 N i , so that it will give rise to just one unitary gauge group U(N i ). We will represent this by locating that brane i on the node corresponding to the irreps α n . Notice that, in an orientifold theory, the mirror brane i * will then be placed in the nodeᾱ n .
Chiral fields can also be easily identified in this diagram by arrows connecting the nodes. These arrows will always link two different nodes, so that if there is some brane content in both of them we will find a fermion transforming under the corresponding gauge groups. The sense of the arrow will denote the chirality that such representation has. In our conventions the positive sense represents left fermions. This arrow structure can be easily read from the chiral spectrum in (2.14), giving rise to the cyclic quiver depicted in figure 2 . Notice that this simple spectrum comes from a plain orbifold singularity. In this case every chiral field will transform in bifundamental representations of two gauge groups with contiguous phases. When considering orientifold singularities, however, we should also include the mirror branes on the picture, and more "exotic"
representations may arise.
There are, in principle, many different ways of obtaining the desired chiral spectrum (3.1) from the brane content of table 1. Furthermore, the details of the construction will depend on the specific model (SM or LR) and on the Z N quiver under consideration.
There are, however, some general features of the construction that can be already addressed at this level.
• In both SM and LR models, chiral fermions must arise in a very definite pattern.
Namely, we need left and right-handed quarks , so we must consider matter arising from the intersections of the baryonic brane with both the left and right branes.
We must avoid, however, lepto-quarks which may arise from some intersection with the leptonic brane. The same considerations must be applied to the latter.
This pattern can be easily achieved in D5-branes configurations by placing both b and c (or c * ) branes on the same node of the Z N quiver, while a and d in some contiguous node. Since, in order to achieve the spectra of tables 2 and 3, we must consider non-trivial ab, ab * , ac and ac * sectors, we must place the stack a either in the phase 1 or in the phase α, while stacks b, c must be in the other one. This restricts our search to essentially two different distributions of branes, which are shown in figure 3.
• Given these two possibilities, it is now easy to guess which intersection numbers must we impose in order to achieve the desired spectra. Indeed, the modulus of an intersection number, say I ab , will give us the multiplicity of this sector. This implies that, in order to have the desired number of left-handed quarks, we must impose |I ab | = 1, |I ab * | = 2 as can be read directly from tables 2 and 3. 6 On the other hand, we will have to choose the sign of these intersection numbers in order 6 We could have alternatively imposed |I ab | = 2, |I ab * | = 1, giving an equivalent spectrum. to properly fix the chirality of our fermions. These signs will be different for each distribution of branes considered in figure 3 , since chirality also depends on the arrow structure of the quiver diagram. For instance, we should impose I ab = 1, • Finally, we are interested in getting all of our chiral matter from bifundamental representations. Thus, we must avoid the appearance of Symmetrics and
Antisymmetrics that might appear from the general spectrum (2.15). This will specially arise in Z 3 models, where we will have to impose I ii * = 0 for those branes in the α node.
D5 Standard Models
Let us give an example that shows how the SM structure can be implemented on D5-branes configurations. The simplest choice for such example is the Z 3 singularity, which is the smallest Z N quiver that provides non vector-like spectra. Imposing the chirality pattern discussed above give us four different ways of embedding the SM spectrum, each of them depicted in figure 4 . In order to achieve a SM configuration, we must impose the intersection numbers that will give us the desired matter content.
As discussed above, these will depend on the particular Z 3 quiver considered. Let us first consider the quiver a 1 ). In table 4 we show the general class of solutions for the wrapping numbers that will provide us with such fermionic spectrum.
Notice that for the sake of generality we have added a new stack of N h branes to our initial configuration, yielding an extra U(N h ) gauge group. However, the wrapping numbers and the CP phase of such brane have been chosen in such a way that no extra chiral matter arises from its presence. Since no chiral fermion is charged under the gauge group of this brane, the stack h is a sort of hidden sector of the theory. This is strictly true, however, only from the fermion content point of view, and generically some scalars with both SM and U(N h ) quantum numbers may appear.
Having achieved the fermionic spectrum of table 2, our low energy field theory will be automatically free of cubic chiral anomalies. In order to have a consistent compactification, however, we must impose the stronger tadpole cancellation conditions. Interestingly enough, most of the conditions in (2.16) turn out to be trivially satisfied by this brane content, the only non-trivial one being the first condition, that now reads
Let us now analyze the U(1) structure of such model. As described in the previous section, couplings of gauge bosons to twisted RR fields will give rise to GS counterterms that will cancel the residual U(1) anomalies. We are particularly interested in couplings (2.26) , that tell us which gauge bosons are becoming massive by this mechanism. In the Z 3 orientifold case there is only one independent twisted sector, so only four couplings Table 4 : D5-branes wrapping numbers and CP phases giving rise to a SM spectrum the Z 3 quiver of fig 4.a 1 ) . The solution is parametrized by n 1 a , n 1 d ∈ Z, ǫ,ǫ = ±1 and β 1 = 1 − b (1) = 1, 1/2. Notice that the second torus has to be tilted, hence β 2 = 1/2.
are relevant. By considering the brane content above we find that these couplings are
the coupling to the C (1) 2 field being trivially null. In general, such couplings will give mass to three linearly independent combinations of U(1)'s, leaving just one U(1) as a true Abelian gauge symmetry of the spectrum. Among these massive U(1)'s, two are model-independent, and correspond to the 'anomalous' combinations U(1) b and 3U(1) a + U(1) d characteristic of this fermionic spectrum. The third one, however, will depend on the specific model considered. Indeed, we find that the generator of the massless U(1) is given by
so if we further impose to our class of models the conditioñ
then we find that this massless Abelian gauge group precisely corresponds to the hypercharge, which in these models is given by
Notice that the whole of this construction is quite analogous to the one described in [15] . Indeed, we have imposed the same chiral spectrum, again arising from bifundamental representation of four stack of branes. After imposing some conditions regarding tadpoles and the Abelian gauge structure, we are finally led to a compactification yielding just the gauge and fermionic spectrum of the Standard Model (and possibly some hidden sector of the theory given by the brane h).
Scalars and tachyons in the spectrum
As explained in Section 2.1, at the intersection of pairs of D5-branes with the same CP phase there may appear scalar tachyons with masses given in eq.(2.12). Since branes b, c
and their mirrors are parallel along the first 2-torus, they generically do not intersect.
On the other hand there may be tachyons at the intersections (aa * ), (dd * ), (ad), (ad *  ) plus possibly others involving the hidden branes h. One can get rid of many of these tachyons by appropriately choosing some discrete parameters and the compactification radii. Consider for instance the following choice of parameters:
With this choice it is easy to check that the tadpole cancellation conditions (3.3) are verified and the standard hypercharge is the only U(1) remaining at the massless level.
Furthermore, the h brane is not needed in order to cancel tadpoles, this hidden sector thus being absent. Now, the angles formed by the branes d, a with the orientifold plane on the two tori are given by 
In Note however that all the above scalar masses are tree level results and that, since the models are non-SUSY, there are in general important one-loop contributions to the scalar masses. Those will be particularly important for the coloured objects like the scalars in (ad), (ad * ) sectors which are color triplets. Those one-loop corrections may be estimated from the effective field theory (one gauge boson exchange) and yield [18] ∆m where t = 2 log(M s /µ) and b a are the coefficients of the one-loop β-functions. These corrections are positive and may easily overcome the tree level result if U 2 is not too large. This is analogous to the one-loop contribution to squark masses in the MSSM in which for large gaugino masses the one-loop contribution clearly dominates over the tree-level soft masses (see e.g. ref. [41] and references therein). Thus in this class of models, apart from the fermion spectrum of the SM, one expects the presence of some extra relatively light (of order the electroweak scale) coloured scalars.
Electroweak symmetry breaking
The Higgs sector in this class of theories is relatively similar to the one in the models in [15] . Consider in particular the SM configuration described in the previous subsections.
Here, the only light scalar with the quantum numbers of a Higgs boson lives in the bc sector. Branes b and c are parallel in the first torus, but if the distance X bc between the branes in that torus is set to zero the branes intersect at an angle 12) and at those intersections complex scalar doublets appear with masses
There are in fact two scalar doublets with quantum numbers as in table 6 , and defined as
The intersection number of these branes in the second torus is equal to ±1 so that only one copy of this Higgs system appears. Thus in the present model we have the same minimal Higgs sector as in the MSSM. As may be seen from eq.(3.13) as the distance X bc decreases the Higgs doublets become tachyonic, giving rise to EW symmetry breaking. This is quite similar to the process of EW symmetry breaking in the D6-brane models of ref. [15, 27] , in which it may be described as brane recombination of a b brane and a c brane into a single recombined brane e. Note that, although oneloop positive corrections as given in eq.(3.10) will in general be present also for the Higgs fields, one also expects large negative contributions from the usual one-loop top-quark contribution which will again favour EW symmetry breaking [42] .
To sum up, the brane content of table 4 give us an example of how an SM construction can be achieved by means of intersecting D5-branes. This particular class of models shares many features already present in the D6-branes models of [15] , whereas some important novelties do also appear. Notice that in this section we have restricted ourselves to only one possible quiver configuration of fig. 4 . Some other inequivalent constructions can also be performed from the rest of the quivers in that figure, their discussion being postponed to Appendix II.
D5 Left-Right Symmetric Models
Quite analogously, the LR structure can also be implemented in a D5-brane construction. To show this, let us again consider a Z 3 orbifold. Since the chirality pattern is the same for both SM and LR configurations, the possible brane distributions will again be those of figure 4. Let us consider now the quiver a 2 ). The brane content with LR spectrum for such quiver is shown in table 7 . Notice that branes b and c belong in fact to the same stack of four branes, with a non-trivial CP action on it. From the point of view of gauge fields, however, each one is a separate sector. Tadpole cancellation conditions are, as usual, almost satisfied when imposing this wrapping numbers. The only non-trivial conditions that remains is 3n
On the other hand, we must also compute the couplings to RR twisted fields, which in this case are
This B ∧ F couplings will again give mass to three of the four U(1) gauge bosons initially present in our spectrum. If we impose the condition
then the only generator with null coupling to these fields is Q 0 = Q a − 3Q d , which corresponds to U(1) B−L . After imposing this condition, tadpoles (3.15) become 18) so the extra brane h will be generically necessary in order to satisfy tadpoles.
For completeness, let us give an explicit solution of (3.18) . Consider the following choice of parameters: (3.19) which now give us a non-trivial h sector with gauge group U(1). Following the same considerations as in the previous SM construction, we see that the angles the branes a, d and h form with the orientifold plane are
where again
, some of the potential tachyons in these sectors will become massless, as for instance those arising from (aa * ) intersections. However, just as in the previously discussed SM construction some tachyons will remain at (ad), (ad * ) intersections, and some other new tachyons involving the brane h. Again, as in the previous SM case, one-loop contributions to the scalar masses may easily overcome the tachyonic contribution.
One can also find an interesting family of left-right symmetric models with no open string tachyons already at the tree-level. Indeed, it is quite easy to generalize the LeftRight symmetric spectrum for a Z N orbifold with odd N > 3. As an example, let us take the brane content of table 8, which corresponds to a particular case of fig. 3 .a), and that will again give us the spectrum of table 3. As in our previous LR example, tadpoles will be cancel by means of a hidden-brane sector, which in this Z N case will consist of a brane system as shown in table 9. There one has ǫ hi = ±1 and the value of s is fixed by tadpole conditions. Consistency conditions in (2.16) are now easily Table 8 : D5-branes wrapping numbers and CP phases yielding a LR spectrum in a Z N .
Solutions are parametrized by n 1 b , n 1 c ∈ Z, ǫ,ǫ = ±1 and satisfied. Indeed, second and fourth conditions are already satisfied with this brane content, while the third amounts to imposing
As mentioned above, the first of these conditions can be expressed as (2.19), from where we can read that we must also impose
where r and η have been defined in (2.20) . Last condition actually implies s = r, ǫ hi = η and N hi = 8β 1 , for i > 1. Let us also compute the couplings to RR 2-form twisted fields which will render some of these U(1) gauge bosons massive. Even if there are in principle 2(N − 1) such fields, most of their couplings are redundant, so we will still have some massless U(1)'s in our gauge group. Indeed, these couplings are
Imposing tadpole conditions (3.21), (3.22) and (3.23) is easy to see that the only linear combination of abelian groups that does not couple to any RR field is just 25) conditions (3.21), (3.22) and (3.23) are satisfied, and the compactification radii can also be chosen to avoid any tachyonic excitation. Indeed, our potential tachyons will arise only from (bh1) and (ch1) intersections whose characteristic angles are 26) so by appropriately choosing the complex structure moduli we can achieve |ϑ 
• Fermions
The only massless fermions are the ones of the SM (plus right-handed neutrinos).
In particular, unlike the case of D6-branes, there are no gauginos in the lightest spectrum.
• Gauge bosons
There are only the ones of the SM (or its left-right extension). There are in addition three extra massive (of order the string scale) Z 0 's, two of them anomalous and the other being the extra Z 0 of left-right symmetric models. As discussed in ref. [43] for a string scale of order a few TeV the presence of these extra U(1)'s may be amenable to experimental test. In fact already present constraints from electroweak precision data (i.e., ρ-parameter) put important bounds on the mass of these extra gauge bosons.
• Scalars in the D5-branes bulk There are two copies of scalars in the adjoint representation of
, as given in eq.(2.9). These will include a couple of colour octets and SU(2) L triplets plus eight singlets. The vevs of the latter parametrize the locations of the four stacks of branes along the two tori (4 × 2 parameters) and hence are moduli at the classical level. The colour octets and SU(2) triplets get masses at one loop as given in eq.(3.10).
• Scalars at the intersections These are model dependent. In the SM example described in some detail in section (3.1) there are colour triplets and sextets (from (aa * )) and colour triplets ' leptoquarks' (from (ad), (ad * )) (see table 5 ). Again their leading contribution to their masses should come from eq.(3.10). These scalars are not stable particles, they decay into quarks and leptons through Yukawa couplings. In the SM examples in Appendix II the scalars at the intersections are colour singlets.
•
SM Higgs doublets
There are sets of Higgs doublets as in table 6 with a multiplicity which is model dependent. In the example of section (3.1) the multiplicity is one and hence we have the same minimal Higgs sector as in the MSSM.
The above states constitute the lightest states in the brane configuration. At the massive level there will appear Kaluza-Klein replicas for the gauge bosons as well as stringy winding and oscillator states (gonions). Compared to the spectra of D6-brane intersection models [15, 26, 27 ] the present spectrum is quite simpler, since the fermions and gauge bosons of the SM do not have any kind of SUSY partner.
Note that the structure of the U(1) gauge bosons in D5-brane models is remarkably similar to that of the D6-brane models of ref. [15, 26, 27] . This similarity is dictated by the massless chiral fermion spectrum in both classes of models which is identical, i.e., the fermions of the SM. In particular baryon number is a gauged symmetry (U(1) a ) which remains as a global symmetry in perturbation theory once the corresponding U(1)'s become massive. This naturally guarantees proton stability.
Concerning the closed string sector, the Z N projection kills all fermionic partners of the untwisted sector. We will have the graviton plus a number of untwisted moduli field as well as untwisted RR-fields. The twisted closed string sector is relevant to anomaly cancellation. 
Lowering the string scale

Final comments
In this paper we have presented D5-brane configurations wrapping cycles on T 2 × T 2 × (C/Z N ) yielding the massless fermionic spectrum of the three-generation SM. This is a generalization of the work in ref. [15] in which it was obtained the SM spectrum from D6-branes wrapping cycles on
We have also presented for completeness the case of D4-branes wrapping cycles on There are a number of questions both theoretical and phenomenological which we have not addressed in this paper and should be the subject of further research.
These D5-brane constructions are non-supersymmetric and it remains to be seen if such configurations can be rendered stable. One source of instability may be the presence of closed string tachyons in the twisted spectrum. An analogous class of tachyons have been studied recently in ref. [34] in the non-compact orbifold case. That analysis cannot be directly traslated to the compact orientifold case considered here in which e.g. the tachyons are real rather than complex fields. It remains to be seen whether in the compact orientifold case a stabilization of the closed string tachyons may be feasible.
This is also relevant to the question whether one can obtain a stable minimum in which the two dimensions transverse to the SM brane configuration are very large compared to the rest, thus providing for a dynamical explanation of the smallness of the string scale compared to the Planck mass. ref. [43] . The fact that baryon number is gauged will guarantee that in these constructions the proton is perturbatively stable. We leave a more systematic study of the phenomenological aspects of this class of brane models for future work. For the sake of completeness, in this appendix we present the general construction involving intersecting D4-branes in an orientifold singularity. This general class of models is both of theoretical and phenomenological interest since they also provide a natural setup for considering chiral compactifications with low string scale scenarios.
To be concrete, we will consider the compactification
where R now stands for R (5) R (6) R (7) R (8) R (9) . In terms of its action on complex coordinates this involution is given by
2)
This theory will contain a O4-plane wrapping a 1-cycle in T 2 (the one invariant under R (5) , and in order to cancel its negative RR charge we will have to include an open string sectors involving D4-branes wrapping 1-
while sitting at the origin of C 2 /Z N .
The geometric action of the orbifold group Z N can be described by a twist vector
for the variety to admit spinors. This twist will preserve some bulk supersymmetry whenever b 1 = ±b 2 mod N. Just as in the case of D5-branes, the orbifold action on the Chan-Paton degrees of freedom can be described by a matrix of the form (2.3), and the orientifold action can also be implemented by adding a mirror sector a * for every D4-brane a in the configuration. If we again consider effective wrapping number for describing our 1-cycles, mirror branes will be related in an analogous way that the one described in (2.5) and (2.6) for the case of D5-branes.
Let us now describe the low energy spectrum of the theory
• Closed string sector
The twisted closed string sector will consist, in the supersymmetric case, of a
) gauge multiplet for odd N, the gauge group being U
N is even. When dealing with the non-supersymmetric |b 1 | = |b 2 | case, however, the twisted closed string spectrum will be much similar to the case of D5-branes, a closed string tachyon appearing for each twisted sector.
• D4 a D4 a sector This sector gets mapped to D4 a * D4 a * , which usually is a different sector of the theory. The computation of its massless spectrum will be the same as in the orbifold case, already computed in [17] . However, we present its computation for completeness. The massless GSO projected states in both R and NS sectors are where the behaviour of such states under the Z N action has been indicated. Keeping states invariant under combined geometrical and Chan-Paton action we are left with the following spectrum
which is generically non-supersymmetric and always non-chiral. The supersymmetric twist give us the N = 2 theory
These three sectors will contain the chiral spectrum of the theory. Let us analyze the D4 a D4 b spectrum, whose associated twisted vector is given by v ϑ = (0, ϑ ab , 0, 0). Being mapped into D4 b * D4 a * under the action of ΩR, we only have to consider the orbifold action. The massless states are
where we have supposed 0 < ϑ ab < 1. This spectrum is explicitely nonsupersymmetric, even for a supersymmetric twist. Keeping the invariant states we are left with the spectrum
which is generically supersymmetric. Notice that the intersection number is now given by
Similarly, we can compute the other two chiral sectors of the theory, the complete spectrum being
The construction of these configurations are, as usual, constrained by tadpole cancellation conditions, which in this case read
where now c 2 k = 2 r=1 sin(πkb r /N), and we are using effective wrapping numbers. These two conditions can be expressed more elegantly as
12) 9 In case n a = 0, there is just one tachyon coming from the aa * sector, transforming in the antisymmetric representation (A 0 a ) of the U (N 0 a ) gauge group. This is just a T-dual orbifolded version of the non-BPS systems constructed in [44] .
where β = 1 − b discriminates between rectangular and tilted tori. In the same manner as scketched for the case of D5-branes in section 2, tadpole conditions will directly imply cancellation of cubic chiral anomalies, whose expression is now given by
(6.14)
On the other hand, the mixed anomalies analysis mimicks the one performed in Section 2 for D5-branes. In fact, expressions (2.23) and (2.24) are also valid for this case if we just substitute 16m Let us also scketch some model-building features regarding D4-branes orientifold models. For simplicity, we will constrain ourselves to the supersymetric case b 1 = −b 2 = 1. Since the Z 3 orbifold case has already been considered in [24] , we will focus on odd N > 3 orientifolds. In the same way as performed for D5-branes tadpoles, we can express the tadpole condition (6.10) as a n a (Trγ ω,a + Trγ ω,a * ) = 8
where α = e 2πi/N . Again we can reexpress (6.17) as a sum of orbifold phases by using Notice that this particular example does not follow the general philosophy described in Section 3, where every chiral fermion arised from a bifundamental representation and the matter content was thus described by table 3. Instead, we now find some extra chiral fermions that can be identified with three Higgssino-like particles, whereas some exotic matter transforming as singlets (A i ) and symmetrics of SU(2) R (S i ) do also appear. The only light bosonic sector arises from branes b and c giving us a Higgs-like particle that can become tachyonic if we approach both branes close enough. No extra chiral matter nor scalars arise from the hidden sector of the theory.
It is easy to see that this brane content satisfies both twisted tadpole conditions (6.10) and (6.11). Interestingly enough, it also satisfies untwisted tadpoles conditions, so when embedding such model in a compact four-dimensional manifold B no extra brane content would be needed.
Finally, by computing the couplings (6.15) that mediate the GS mechanism, we can check that two of the abelian gauge groups are in fact massive, the only massless linear combinations being U(1) B−L = The U(1) structure is quite similar as well, again with three non-trivial couplings to RR twisted fields, now given by The massless U(1) will again be model-dependent table 6 . Considering now the quiver in fig. 4.b 2 ) give us another family of configurations.
Looking for the same spectrum than in table 2, we find the following wrapping numbers: Tadpoles read:
The U(1) couplings are: The massless U(1) will now be
and getting the hypercharge as the unique massless U(1) amounts to requiring
Unlike the SM D5-brane constructions in the main text, the lightest scalars and/or tachyons are now coulour singlets.
